. Currently, the methods available to assess changes in adiposity in persons who participate in wheelchair sports (e.g. individuals with a spinal cord injury (SCI), polio, amputation or with a neurological disorder) have tended to include simple and relatively cheap field-based techniques, such as skinfold callipers and bioelectrical impedance (BIA). But for obvious reasons the suitability with respect to the physical impairment of the athlete must be carefully considered. For example, hand-to-foot BIA analysers cannot be used with double leg amputees; similarly, the number and location of skinfold sites measured may need to be reduced, depending on the physical impairment type.
In spite of this, these techniques have reportedly been used in persons with these aforementioned physical impairments with some degree of satisfactory results [1, 267, 278] .
However, previous studies are limited with small sample sizes (e.g. n=8 males [267]) or with heterogeneous impairment groups (e.g. wheelchair games players comprising of both amputee and persons with a low to mid-level SCI [356] ). Moreover, practitioners are cautious when using skinfolds since FM is typically underestimated in individuals with a SCI when using skinfolds [254, 356] and the general conclusions have stated the need for larger sample sizes so that an appropriate skinfold prediction equation can be developed.
With respect to other techniques, then to the authors' knowledge only one study has described the ability of air displacement plethysmography (ADP) to accurately assess body composition in persons with a SCI [56] . Their results suggested that ADP is a valid method for the calculation of total body volume and density in persons with a SCI below T3. That said, there may be problems with the measurement of thoracic gas volume of persons above a lesion of T6 which would result in the use of predicted values taken from the able-bodied norms [56] . Additionally, the theoretical problem with the use of ADP, is the assumption of a fixed density of FFM, implying that proportions of minerals, water and proteins remain constant and are not affected by sex, body mass, age, or body composition. However, the mass of bone mineral and skeletal muscle may be substantially reduced in wheelchair athletes, hence invalidating this assumption. The use of two compartmental models that make assumptions about FM and FFM may therefore not be suitable for the use in individuals who have significant deviations from the norms, such as individuals with a physical impairment.
As a result three or more compartmental models are the preferred methods of assessment of body composition for accuracy and reliability, whilst methods that are not dependent upon body density, such as dual-energy X-ray absorptiometry (DXA), may offer greater accuracy.
Despite the noted difficulties with the positioning of an individual with a physical impairment on the DXA couch, Keil et al. [189] recently found DXA to be a highly reproducible technique in the estimation of total and regional body composition of elite wheelchair basketball athletes.
It is clear that many comparative studies exist, that have assessed the accuracy of a given body composition technique to a reference method such as DXA, in a number of different cohorts, including healthy individuals [34, 201, 245] , young children [101, 2930] , and athletes [23] . In contrast, to help inform the selection of methodology of athletes with a physical impairment then there is very little published data available [267, 356] . Therefore, the main purpose of this study was to assess the agreement in body composition measurements of trained wheelchair athletes using skinfolds, BIA and ADP with the reference method of DXA.
This was done for the total group as well as for those participants with a SCI (e.g., tetraplegia F o r P e e r R e v i e w vs. paraplegia) on the agreement. Furthermore, the second purpose was to develop new skinfold prediction equations to estimate percentage fat in wheelchair athletes with a SCI.
Methods

Participants:
The study was approved by University Research Ethics Committee and the National Research Ethics Service and participants provided written informed consent prior to data collection. Participants included thirty male trained wheelchair games players from the sports of wheelchair basketball (n=19; 29 ±7yrs with a body mass of 72.1 ±13.1kg) and wheelchair rugby (n=11; 32 ±5yrs with a body mass of 68.2 ±10.7kg). Diagnoses were spinal cord injury from the lumbar to cervical region (n=22), diastrophic dysplasia dystrophic dysphasia (n=3), hip damage (n=1) and lower limb damage (amputation (n=4)), indicative of physical disabilities that meet the eligibility criteria to participate in wheelchair basketball and wheelchair rugby. All participants were considered trained having competed at a national level on a regular basis. As body composition estimates may differ between individuals with a high and low SCI, subgroups comprising of persons with paraplegia (n=11) and tetraplegia (n=11) were formed. This study has been performed in accordance with the ethical standards of the International Journal of Sports Medicine [145] .
Experimental Design: Each individual attended a single session in a euhydrated state having refrained from exercise and consuming alcohol and caffeine for 12 hours, and eating or drinking at least 2 hours before each testing session to minimise variation in gastrointestinal contents and hydration status. Urine osmolality was assessed using an Osmocheck (Vitech Scientific Ltd, West Sussex, UK) to determine hydration status. Every participant underwent a whole-body DXA scan and participated in an anthropometry session. Additional measurements using the techniques of air displacement plethysmography (ADP, also known F o r P e e r R e v i e w 5 by the commercial term BODPOD) and bioelectrical impedance analysis (BIA) were also undertaken for those participants where standard electrode placement sites were accessible and electrode placement was possible.
Dual-energy X-ray absorptiometry (DXA): Body composition was assessed using a Lunar Prodigy Advance DXA scanner (GE Lunar, Madison, WI, USA) running version 12.20 enCORE 2006 software. Standard quality assurance and stability monitoring of the DXA scanner was performed with daily measurement of the GE-Lunar calibration block and aluminium/water bath spine phantom prior to the use of the machine to detect and correct for any drift. The same trained operator performed all scans and analyses. Short-term precision for DXA measurements were determined in a previous study [189] , using the same scanner, operators and in the same cohort as participants for the present study. CV values for all whole body measurements were <2.0%, and, with the exception of arm FM (kg) (CV = 7.8%), ranged between 0.1-3.7% for all segmental measures of bone mass, FM, and lean tissue mass (LTM). Participants wore loose fitting, light-weight clothing with no metal or reflective material, and all jewellery and prostheses were removed where possible. Participants were asked to identify any metal fixtures (e.g. surgical pins) prior to the scans being performed and such fixtures were flagged as artefact on analysis. Each individual was aligned supine on the bed and appropriately positioned as closely as possible to the standard protocols. Positions that may have produced spasms or other movement and any discomfort were minimized and enough time allowed for any spasm generated on positioning to subside before scanning.
Velcro restraints were applied around participants' knees and ankles to minimise movement during the scan, unless this was not possible because of the disability. Afterwards, the participants were positioned on the DXA-bed in a supine position as close as possible to standard positioning protocol, with Velcro straps used to help keep the legs still during The analyses of all scans were performed by the same operator to avoid any inter-observer variability. The total body scan was used to gain the outcome measures which were: total body FM, total body fat percentage (% fat), total LTM and bone mineral content (BMC). To allow for comparison with other methods FFM was calculated as LTM +BMC.
Anthropometry: For participants unable to assume a standing position, body height was measured from the heel to the crown of the head in the supine position to the nearest 0.1 cm with a Luftkin measuring tape (Cooper Tools, Apex, USA). For participants who had a double amputation, height was measured using the same methodology, but to the point of amputation.
For participants who were unable to lie straight or who had chronic contractures, body height was calculated from the sum of body segments.
Skinfolds: Eight skinfold sites were obtained from all participants, unless access to specific skinfold sites was inhibited due to disability or absence of limbs, in which case, as many measurements were taken as possible. All measurements were made in accordance with the guidelines stated by International Society for Advancement of Kinanthropometry (ISAK) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Bioelectrical impedance: Body composition was assessed using the Multiple Frequency Bioimpedance Meter (Bodystat 1500, Isle of Man, UK). Participants were asked to remove socks and jewellery before lying down in the supine position on a non-conductive surface for ten minutes, for standardisation purposes. Two electrodes were placed on the posterior surface of the right hand, at the distal end of the third metacarpal and between the styloid processes of the radius and ulna. Where possible, two electrodes were placed on the anterior surface of the right foot, at the end of the second metatarsal and between the medial and lateral malleoli of the ankle. For single leg amputees missing their right foot, the left foot was used instead and for double leg amputees, this technique was not used. Body composition was determined by the measurements of resistance made at 50kHz, using the previously validated prediction equations of Lukaski et al. [223] .
Air displacement plethysmography: Body composition was assessed using a commercially accessed BODPOD (BODPOD, Life Measurements, Concord, CA). Participants were asked to wear tight fitting swim wear or in the absence of such attire, small shorts were worn, all prostheses and items of jewellery were removed and participants were provided with a tight fitting nylon cap to cover their hair. A two-point calibration was conducted, using an empty chamber prior to each individual assessment. Participants who were able to stand were weighed using the BODPOD system's electronic scales. For those who could not stand, body weight was matched using free weights (to the nearest 0.25kg) and loaded onto the scales to give a reading. On instruction, each participant entered the chamber and was asked to remain 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 8 still throughout the assessment. A single ADP procedure consisted of two measurements of body volume, unless they differed by more than 150ml, in which case, the system required a third measurement. Body volume was determined by the volume of air displaced, when the participant is secured in the chamber. The measured body volume was adjusted for thoracic gas volume, which was estimated according to the methods described by Dempster and
Aitkens [78] . The corrected body volume was used in combination with body mass and height to determine body density, from which percentage FM was estimated. All estimations were calculated using prediction equations integral to the system's software. Data pertaining to fat and muscle mass in kilograms and percentages were displayed on the system's monitor and were recorded.
Statistical analysis
The assumption of normality was checked for the body composition outcome measures by a Shapiro-Wilk test and visual inspection of the q-q plot and the box plot of the data. A One-Way ANOVA and a Tukey post-hoc test were performed on height, body mass, calf circumference and the DXA outcomes to check for differences between athletes with a tetraplegia, paraplegia and other disability. A paired samples t-test was performed to test for systematic bias between the DXA outcomes and the other body composition outcomes (BIA, ADP, skinfolds). Intra-class correlations coefficients (ICC, two-way random, absolute agreement) were computed to test the relative reliability between the DXA outcomes and the outcomes of the other body composition measurement techniques. ICC's were considered sufficient when >0.8, moderate when 0.7 to 0.8, and insufficient when <0.7 [362] . Systematic bias and relative reliability were checked for the total group as well as for the groups with a paraplegia and tetraplegia separately. Bland-Altman plots with 95% limits of agreement were . Different regression models were tested (e.g. linear, log, quadratic) and the models with the highest explained variance were finally chosen. In a secondary analysis, age or calf circumference (chosen as a measure indicative of muscle atrophy) were added to these models to check whether it improved the explained variance of the regression model. Level of significance was set at p<0.05.
Results
Height (p=0.31) and body mass (p=0.31) were not significantly different between the groups with a tetraplegia, paraplegia and other disability. The calf circumference of athletes with another disability was significantly different compared to the SCI groups (p=0.01). Post-hoc test results showed that athletes with another disability showed a larger calf circumference compared to athletes with a tetraplegia. All participants (n=30) underwent a DXA scan, yet due to the array of physical impairments not all participants were able to be measured via all the body composition field-based methods due to the limitations described previously and problems accounted with access to the BODPOD by the athletes with tetraplegia. This resulted in 28 participants being measured via the methods of BIA, 18 via the methods of ADP and up to 27 participants were able to have all the skinfold sites taken. Importantly, all participants were noted as being euhydrated as determined via the osmolality of the waking urine sample that was analysed on arrival to the laboratory prior undertaking the BIA measurement. The DXA assessment showed a total body fat percentage for the total group of wheelchair games players as 25.0 ± 6.6%. No significant differences were found in DXA outcomes between athletes with a tetraplegia and paraplegia or between tetraplegia and the group with another disability. However, athletes with paraplegia had a significantly higher %fat and significantly lower FFM (kg) compared to the group with another disability.
Systematic bias: Table 1 These results were similar for the total group as well as for those with tetra-and paraplegia.
Agreement: Table 1 shows the results for relative agreement between DXA outcomes and the other body composition measurement techniques. All ICC values, except for the measurement of FFM (kg) by BIA and ADP (resp, ICC=0.824 and 0.877) and fat (kg) by ADP (ICC=0.702), were below 0.7, indicating that the relative agreement of FM measured by BIA, % fat measured by BIA and ADP and skinfold body composition outcomes with the reference DXA measurement was insufficient. Similar results were found for people with a tetra-and paraplegia. Figures 1A-F [910] (both a mean difference of 6.1%) but with high 95% confidence intervals of the difference: -3.4 to 15.5 and -2.2 to 14.4, respectively.
New equations: The relationship between skinfold thicknesses and % fat by DXA seemed curvilinear ( Figure 2 ) and The quadratic regression equations showed the best explained variances. Table 2 shows the regression models to predict the % fat as measured by DXA by the sum of three, four or seven skinfolds or the % fat measured by BIA in wheelchair games players. Furthermore, the effect of adding age or calf circumference to the models is shown.
The best model, with the highest R 2 , to predict % fat is the one with the 7 skinfolds and calf circumference (R 2 =0.84), see formula 1 below.
Formula 1:
%Body fat = -3.04 + 0.41 · ∑ SF7 -0.001 · ∑ SF7 2 + 0.03 · Calf circumference The models using the sum of three skinfolds showed also a quite high explained variance (R 2 =0.74-0.75), see formula 2 below, and were better compared to the models using four skinfolds (R 2 =0.62-0.70) or the % fat measured by BIA as independent variable (R 2 =0.46-0.51). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48 1 It is clear that many comparative studies exist, that have assessed the accuracy of a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Air displacement plethysmography: Body composition was assessed using a commercially accessed BODPOD (BODPOD, Life Measurements, Concord, CA). Participants were asked to wear tight tight-fitting swim wear or in the absence of such attire, small shorts were worn, all prostheses and items of jewellery were removed and participants were provided with a tight fitting nylon cap to cover their hair. A two-point calibration was conducted, using an empty chamber prior to each individual assessment. Participants who were able to stand were weighed using the BODPOD system's electronic scales. For those who could not stand, body weight was matched using free weights (to the nearest 0.25kg) and loaded onto the scales to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 give a reading. On instruction, each participant entered the chamber and was asked to remain still throughout the assessment. A single ADP procedure consisted of two measurements of body volume, unless they differed by more than 150ml, in which case, the system required a third measurement. Body volume was determined by the volume of air displaced, when the participant is secured in the chamber. The measured body volume was adjusted for thoracic gas volume, which was estimated according to the methods described by Dempster and
Statistical analysis
The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 . Different regression models were tested (e.g. linear, log, quadratic) and the models with the highest explained variance were finally chosen. In a secondary analysis, age or calf circumference (chosen as a measure indicative of muscle atrophy) were added to these models to check whether it improved the explained variance of the regression model. Level of significance was set at p<0.05.
Results
Height (p=0.31) and body mass (p=0.31) were not significantly different betweenamong the groups with a tetraplegia, paraplegia and other disability. The calf circumference of athletes with another disability was significantly different compared to the SCI groups (p=0.01). Posthoc test results showed that athletes with another disability showed a larger calf circumference compared to athletes with a tetraplegia. All participants (n=30) underwent a DXA scan, yet due to the array of physical impairments not all participants were able to be measured via all the body composition field-based methods due to the limitations described previously and problems accounted with access to the BODPOD by the athletes with tetraplegia. This resulted in 28 participants being measured via the methods of BIA, 18 via the methods of ADP and up to 27 participants were able to have all the skinfold sites taken.
Importantly, all participants were noted as being euhydrated as determined via the osmolality of the waking urine sample that was analysed on arrival to the laboratory prior undertaking 10 the BIA measurement. The DXA assessment showed a total body fat percentage for the total group of wheelchair games players as 25.0 ± 6.6%. No significant differences were found in DXA outcomes between athletes with a tetraplegia and paraplegia or between tetraplegia and the group with another disability. However, athletes with paraplegia had a significantly higher %fat and significantly lower FFM (kg) compared to the group with another disability.
Agreement: Table 1 New equations: The relationship between skinfold thicknesses and % fat by DXA seemed curvilinear (Figure 2) , and The quadratic regression equations showed the best explained variances. Table 2 shows the regression models to predict the % fat as measured by DXA by the sum of three, four or seven skinfolds or the % fat measured by BIA in wheelchair games players. Furthermore, the effect of adding age or calf circumference to the models is shown.
The best model, with the highest R 2 , to predict % fat is the one with the 7 skinfolds and calf circumference (R 2 =0.84), see formula 1 below. more of the variance in %fat. However, when adding calf circumference to the model with the seven skinfold sites, this model was the best (R 2 =0.84). As a practitioner the additional benefit of the model with three skinfold sites is convenience and less intrusiveness since wheelchair athletes tend to wear training trousers rather than shorts due to muscle atrophy of the lower limbs. Further validation of these predictive models is warranted. 
Conclusion
Based on the findings in this study, the agreement between the methods employed to estimate body composition at both the group and SCI impairment level, when compared to the reference method of DXA, is comparable to the agreement found in able-bodied populations.
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